ABSTRACT
OBJECTIVE
The objective of this work is to develop a technique that will quantify how much contamination is present in the sampled oil and then provide a means by which PVT parameters on reservoir fluid can be approximated from a contaminated sample. The basis for this work is having no "clean" oil available and therefore the uncontaminated properties must be extrapolated from the available samples. The scope of the work consists of:
• Mathematical development
• Additional experimental data on selected samples
• Validation of mathematical approach
• Estimation of the oil-based mud filtrate contamination on selected samples
METHODOLOGY
Depending on the type of drilling fluid, the determination of the amount of contamination can be facile or it may be somewhat more involved. From the authors' experience, drilling fluids whose compositional distribution is very narrow are the easiest to correct. This type will be discussed in the first section. Those drilling fluids that possess a much broader distribution of components are more difficult to quantify. This type is discussed in Section 2.
Type 1 -Narrow Range of Components
Figure 1 depicts what is intended by a narrow range of components in the contaminating drilling fluid. There is an obvious peak associated with C 10 to C 15 . The first step is therefore to determine what fraction of the sample (some amount of reservoir fluid plus some amount of drilling fluid -both of which are unknown) is contaminated. Once the degree of contaminant is quantified, EOS techniques can be employed to "back out" the effect on the properties. How these steps are accomplished will be described next.
For the determination of contamination fraction, Figure 2 describes the common distribution observed for most reservoir fluids. By plotting the log number of moles versus carbon number, a good straight line relation is obtained. Extrapolating to infinite numbers provides the number of moles in the reservoir fluid. Comparing  Figures 1 and 2 , even if the only sample of reservoir fluid is contaminated, one can measure the number of moles of contaminant by chromatography.
Once the moles of sample are known, the following equations can be used to determine uncontaminated properties:
Molecular Weight 
where VF oil -Mass Fraction i ρ total /ρ i according to ideal mixing.
Once the mole fraction, MW and density of the oil are determined then all the parameters are known for EOS modeling. So to review, by superposition:
1. Moles of oil and contaminant are determined.
2. Mass and volume fractions are calculated.
3. With these, the mole fractions of oil and contaminant, density of uncontaminated oil and the molecular weight of the uncontaminated oil are calculated.
4. The C 6 + characterization can then be done for the plus fraction of the oil. The contaminant can be characterized separately.
The procedure for correcting for contamination is therefore:
1. Two sets of hypothetical components are used: one for the oil C 6 + and one for the contaminant components.
2. Base grouped properties are based on oil properties.
3. Plus fraction properties are modified to match experiment data.
With this procedure, the effects of contamination can then be removed by:
1. Measurements are made on the contaminated sample.
2. The EOS is tuned to the experimental data with the two sets of hypothetical components.
3. Theoretically the contaminant is removed and the "uncontaminated" oil properties are provided.
Using this protocol, Figures 3 and 4 show the predictions of bubble point pressure and the error as a function of contamination level. Figures 5 to 7 provide the same comparison between predicted and experimental for Bo, GOR and density. The EOS predictions, in all cases, were based on an EOS tuned to the contaminated PVT data, measured experimentally, and then the contamination was "removed" in the EOS model. The experimental values, in the figures, were those measured on an uncontaminated sample.
Type 2 -Broad Range of Components
Many times, a less refined hydrocarbon stream is used as the drilling fluid. In such cases, the determination of the degree of contamination is more challenging. Figure 8 shows four profiles: the reservoir fluid, as sampled, possibly containing some contaminants, the same sample spiked with 10 mass % and 50 mass%. There is a trend as contamination increases, but the difference is much more subtle than with a fluid where the component range is narrow. What follows is the development of a technique to remove the amount of contaminant.
MATHEMATICAL DEVELOPMENT
At first the problem seems trivial. A simple statement of mass balance is Using Equation (3), two unknowns and one equation, we have a non-unique solution and, in fact, many solutions. Another equation was therefore sought.
A physical procedure was used to "spike" the sample with a known quantity of drilling fluid, or mud. The same relationship can be used with the spiked sample, as Equation ( Consequently, the determinant is zero and therefore the equations are not independent. There would be infinite solutions or at least multiple solutions. Another independent relation is required. Another approach was therefore investigated.
Objective Function Minimization Approach
Studying the mass fraction versus carbon number relationship, there is a very good log linear functionality. Figure 8 shows this for the subject sample. Of increased importance is the correlation of the slope and Y intercept of these same mass fraction functions. Figure 9 provides the Y intercept and the slope of these data as a function of mud filtrate mass fraction. The assumed mud filtrate fraction determines the location of the three points along the x-axis (the 100% filtrate fraction does not change in location). Extrapolation back to zero provides a best fit log linear approximation of uncontaminated oil. The X axis is defined as:
Due to the non-linear nature of the equations, the algorithm is as follows:
1. Assume mud filtrate fraction (MF).
2. Compute mass of MF in oil. 7. Iterate on MF until a minimum error between step 5 and step 6 summed over components 13-29 is achieved.
* This is part of the iteration. This should not be construed to be the final answer but is part of the iteration process, wherein an update of the oil composition is achieved.
The objective function versus contamination level for the sample is shown in Figure 10 . This analysis indicated that the sample, as received, had 4.8 mass % mud filtrate contamination.
Validation of Mathematical Approach
Since this approach is numerical and relies upon minimization of a residual sum of squares, two test cases were performed so that the algorithm could be ratified. The results ensue.
A "blind" test was performed by choosing a separate cylinder to which a specific quantity of mud filtrate was added. This "contaminated" sample was then used as the base oil. Two "spikes" were then performed by adding specific masses of mud filtrate to known masses of the base oil (oil plus the unknown quantity of mud filtrate). The objective was to use the above-described approach and to compute the amount of the mud filtrate used to contaminate the oil from the second cylinder.
The algorithm was used and the objective function from step 7 (from the above algorithm) was minimized. Figure 11 shows the result. The mass of mud filtrate that was added to the oil was 0.6802 grams and the oil mass was 2.6438 grams, or a mass fraction contamination of 0.2046. From the above algorithm a value of 0.21 was computed. The error was approximately 0.50 mass %. Figure 12 shows the y intercept and the slope relationship as a function of contaminated fraction. They are very linear and therefore the extrapolation to the zero contamination condition should be trustworthy. The result in Figure 11 confirms this even at 20.5 mass % contamination. Table 1 shows the compositions of the corrected oil and the actual oil. Working from the 20% contaminated base line, the corrected oil compares closely with the actual. Figure 13 shows the same data along with the errors involved. (In light of the intrinsic errors of the chromatograph for values less than 1 mass %, the absolute errors are reported, instead of percentage errors, for those specific components.) Another blind contamination test was then performed. This time, a separate cylinder (#3) was contaminated with mud filtrate: 3.7917 grams of oil and 0.4401 grams of mud filtrate (filtrate mass fraction contamination of 0.1040). The above algorithm was used again and the result is shown in Figure 14 . A value of 9.6 mass % contamination was computed compared to the value of 10.4 mass %. Table 2 presents a comparison of the corrected and actual oil compositions. It is therefore proposed that this algorithm will yield contamination accuracies to within 1 mass % of the actual value. Figures 15 and 16 show the results as in the previous application of the correction technique. Again, the algorithm presents an adequate representation of the actual composition based upon the protocol defined in this report.
EOS Calculated PVT Properties of Corrected Fluid
The PVT properties of the corrected reservoir fluid were calculated using the modified Peng All calculations were performed using the cubic EOS based Software WinPROP, CMG Modelling Group Ltd.
The trends with deconvolving the contaminated samples were, in going from contaminated sample (4.89) to clean oil:
1. Formation volume factor increased from 1.237 to 1.277 at the bubble point.
2. GOR increased from 315 to 353 scf/bbl at the bubble point.
3. Density went from 0.730 to 0.726 g/cc at the bubble point.
4. Viscosity decreased from 0.523 to 0.518 cP at the bubble point (this had the least accuracy in the comparison between EOS and data and, therefore, is thought to be the least reliable).
SUMMARY
1. Two techniques were explored for the deconvolution of drilling fluid contamination from reservoir fluid: one was suited to a narrow distribution of contaminant components and one technique to a much broader distribution.
2. Once the degree of contamination is determined, standard techniques were used to correct for the influence of contamination on standard PVT properties such as Bo, ρ, GOR, µ.
3. The more difficult of the two techniques was tested on two blind tests: cases where the contamination level was known and the algorithm used to determine the level of contamination. In the first blind test, the target was 20.46 mass % and the algorithm calculated 21.0 mass %. In the second assay, the seed value was 10.4 mass % with the algorithm calculating 9.6 mass %.
4. The influence of mud filtrate contamination was that as the filtrate contamination increased, the measurement of Bo would be too low, ρ too high, GOR too low and viscosity too high.
5. These techniques were developed for the circumstance that uncontaminated oil was entirely unknown and that clean oil parameters would have to be generated from contaminated samples.
NOMENCLATURE

FVF Formation volume factor
GOR Solution or liberated gas-oil ratio, as specified (default: solution gas-oil ratio) 
